Fatty acid hydroperoxides formed by lipoxygenase can be cleaved by hydroperoxide lyase resulting in the formation of short-chain aldehydes and ω-oxo-acids. Plant hydroperoxide lyases use 13-or 9-hydroperoxy linoleic and linolenic acids as substrates. Alfalfa (Medicago sativa L.) has been reported to contain a hydroperoxide lyase specific for 13-hydroperoxy linoleic and linolenic acids only. However, in addition to 13-hydroperoxide lyase activity we found substantial 9-hydroperoxide lyase activity in alfalfa seedlings as well. The specific activity for 9-hydroperoxy fatty acids was ~50% of the activity for the 13-isomers. Furthermore, alfalfa seedlings contain a 3Z:2E-enal isomerase that converts the 3Z-enal products to their 2E-enal isoforms.
Introduction
Many higher plants have been reported to be able to produce volatile C6-and C9-compounds such as hexanal, (3Z)-and (2E)-hexenal, (3Z)-and (2E)-nonenal, (3Z,6Z)-and (2E,6Z)-nonadienal and the corresponding alcohols. These compounds are important constituents of the characteristic flavors of fruits, vegetables and green leaves and are widely used as food additives. Besides, they might also be involved in wound healing and pest resistance [1, 2] .
They are derived from linoleic and linolenic acids in a catalytic route involving three enzymes.
Fatty acids are peroxidized by lipoxygenase and subsequently cleaved by hydroperoxide lyase (HPO lyase). The resulting short-chain aldehydes and ω-oxo-acids can be reduced to alcohols by alcohol dehydrogenase. Besides, double bond isomerization can occur. It is still unclear, however, whether this reaction is catalyzed by an isomerase or a nonenzymatic isomerization factor.
Although HPO lyase has been purified from different sources, little is yet known about its structure and reaction mechanism. Hatanaka et al. [3] proposed a heterolytic scission mechanism similar to the acid-catalyzed cleavage of linoleate hydroperoxides in an aprotic solvent [4] .
However, the recently found homology of HPO lyase with cytochrome P450 enzymes could suggest a homolytic reaction mechanism [5] . Two different types of substrates for plant HPO lyases are known: 13-and 9-hydroperoxy linoleic or linolenic acids. HPO lyases from watermelon seedlings, tea leaves, tomato fruit and leaves, apples, green bell peppers and soybeans are specific for 13-HPO fatty acids [6] [7] [8] [9] [10] [11] , whereas HPO lyase from pears is specific for 9-HPO fatty acids [12] . Soybean seeds/seedlings and cucumber fruit and seedlings contain both HPO lyase activities [13, 14] and Matsui et al. [15] succeeded in separating 13-and 9-HPO lyase from cucumber seedlings. In alfalfa, only 13-HPO lyase was found, and no 9-HPO lyase activity was observed [16] [17] [18] . The work presented here, however, provides evidence for the presence of both 13-and 9-HPO lyase activity in alfalfa seedlings, which makes alfalfa interesting for application in a biocatalytic process. Furthermore, a heat sensitive 3Z:2E-enal isomerase was found in alfalfa seedlings, which could be separated from HPO lyase by anion exchange chromatography.
Materials and methods

Materials
All chemicals used were commercially obtained and of analytical grade. 13-HPOD and 13-HPOT were prepared from linoleic and α-linolenic acid, respectively (~99%, Fluka Chemie AG, Buchs, Switzerland), with soybean lipoxygenase-1 [19] . Analogously, 9-HPOD and 9-HPOT were prepared with tomato lipoxygenase [20] .
Enzyme activity measurements
HPO lyase activity was determined with the indirect assay described by Vick [21] or by measuring the decrease of the A 234 due to the cleavage of substrate. One unit of activity corresponds to the amount of enzyme that converts 1 µmol of substrate per min. Protein concentrations were determined with the bicinchoninic acid method after freeze-drying of the samples to remove β-mercaptoethanol [22] .
Enzyme purification
Alfalfa seeds (Medicago sativa L.) were purchased from a local nursery. Seeds were soaked in tap water for 6 h and germinated in the dark for 3 days at 20 °C. Seedlings were homogenized with 1.7 ml•g -1 buffer A (15 mM potassium phosphate, pH 7.5, 0.2% Triton X-100, 10 mM β- 
Product identification
For qualitative product analysis 1 U of HPO lyase (determined with 13-HPOD as substrate) was diluted to 8 ml with buffer C (50 mM potassium phosphate, pH 6). 80 µM of substrate was added and the mixture was incubated for 30 min at 20 °C in a stirred 20 ml reaction vessel closed with a septum. Headspace compounds were trapped by SPME (100 µm polydimethyl- 
Results and discussion
The substrate specificity of alfalfa HPO lyase was determined with the assay described by
Vick [21] , in order to distinguish between HPO lyase and other hydroperoxide converting enzymes. The results are shown in Table 1 . A crude extract of alfalfa seedlings was used to prevent possible changes in the ratios of the activities for the different substrates caused by purification steps. Although HPO lyase activity is highest for the 13-isomers, there is substantial 9-HPO lyase activity as well. This is in contrast to previous findings where no 9-HPO lyase activity was observed in alfalfa [16] [17] [18] . In the latter studies however, HPO lyase activity was determined by measuring the amount of aldehydes formed by GLC of essential oils. It might be possible that the C9-aldehydes were not observed because of their reduced vapor pressure compared to the C6-aldehydes. In this paper we show that it is possible to analyze C9-aldehydes with SPME-GC, because they are strongly absorbed to the polydimethylsiloxane coated fiber.
Furthermore, alfalfa HPO lyase has a slight preference for the hydroperoxytrienes derived from linolenic acid compared to the hydroperoxydienes derived from linoleic acid. Table 1 Substrate specificity of HPO lyase in a crude extract of alfalfa.
Enzyme activities were determined with the assay described by Vick [21] .
Substrate
Specific activity (U•mg -1 ) ± S.D. Relative activity * ± S.D.
13-HPOD 0.15 ± 0.008 90% ± 5% 13-HPOT 0.17 ± 0.008 100% ± 5% 9-HPOD 0.077 ± 0.008 46% ± 10% 9-HPOT 0.086 ± 0.004 51% ± 5%
The data are mean values of 3 crude extracts * Activity compared to the activity with 13-HPOT as a substrate
The enzymatic pH optimum was determined and appeared to be equal for 13-and 9-hydroperoxy fatty acids, namely pH 5.5. The pH optimum of alfalfa HPO lyase is in accordance with the optimal pH values described for HPO lyases from other origins, which range from 5.5 in tomatoes and green bell pepper fruit to 8 in cucumber fruits [8, 9, 15] . In contrast to alfalfa, 13-and 9-HPO lyase from cucumber do not have the same pH optimum. Cucumber 13-HPO lyase has an optimal pH of 6.5, whereas the pH optimum of cucumber 9-HPO lyase is 8 [15] .
The specific activities of alfalfa HPO lyase for both types of substrates slightly decrease during the first 8 days of germination and are highest in the 123 000 × g pellet which contains the microsomes. Typical results are shown in Fig. 1 . 
B
To find out if alfalfa seedlings contain one enzyme that accepts both types of substrates, or two enzymes each being specific for one positional isomer like cucumber [15] , alfalfa HPO lyase was partially purified by ultrafiltration, gelfiltration and anion exchange chromatography.
A clear, colorless solution was obtained and the purification factors obtained with this method were typically around 10. With anion exchange chromatography HPO lyase was separated from lipoxygenase, but the 13-and 9-HPO lyase activities showed the same elution profile and could not be separated.
To obtain more information about the products formed by alfalfa HPO lyase, the following substrates were incubated with alfalfa HPO lyase obtained from the gelfiltration pool: 13-HPOD, GC analysis of the nonvolatile compounds in the incubation mixtures with 13-HPOD and 13-HPOT showed a large peak with a retention time of 12.04 min (Fig. 3A) . The mass spectrum of the peak at 15.00 min corresponds to 9-hydroxy-traumatin, another product of the lipoxygenase pathway recently described by Gardner [23] . GC-analysis of the nonvolatile compounds in the incubation mixtures with 9-HPOD and 9-HPOT showed a large peak with a retention time of 6.95 min. This product was identified as 9-oxo-nonanoic acid. 13-HPOD and 13-HPOT were almost completely converted, whereas in the cases of 9-HPOD and 9-HPOT there was still substrate left. This might be due to the lower specific activity of alfalfa HPO lyase for the 9-isomers. The peak at 7.5 min also appeared in the sample without substrate and is therefore due to a component in the extract.
Remarkably, only the E-isomers were formed, which suggests the presence of an isomerase or an isomerization factor in alfalfa seedlings. When the same experiments were performed with further purified HPO lyase from the anion exchange pool, the Z-isoforms were the main products (Fig. 2B,3B factor is lost during anion exchange chromatography. The loss of isomerase activity was also observed during the purification of cucumber HPO lyase [14] . To obtain more information about the 3Z:2E-enal isomerization, 13-HPOT was incubated for different periods of time with a crude extract or with HPO lyase obtained from the anion exchange pool. The products were derivatized with DNPH and analyzed with HPLC. As expected, the (3Z)-hexenal formed by a crude extract isomerized to (2E)-hexenal, whereas with the partially purified enzyme isomerization did not occur (Fig. 4) . Remarkably, the isomerization appears to be a much slower process than the lyase reaction which was completed within 1 min. After boiling the crude extract for 5 min, no isomerization activity could be observed anymore, which suggests involvement of an enzyme in the isomerization.
These results clearly show that both 13-and 9-HPO lyase activities and a 3Z:2E-enal isomerase are present in alfalfa seedlings. This makes an end to the former discrepancy between the product specificity of alfalfa lipoxygenase, which forms almost equal amounts of 13-and 9-hydroperoxy fatty acids [17, 24] , and the substrate specificity of HPO lyase, which was thought to use only the 13-isomers. The fact that alfalfa HPO lyase shows a high activity for both 13-and 9-substrates and an almost equal activity for the hydroperoxides derived from linoleic or linolenic acid, makes it also very interesting as a biocatalyst for the production of 
